Mosquito survival and oviposition interval are important disease vector's determinants that may vary within species depending on the environment. The length of the oviposition interval may be estimated by the proportion of mosquito ovaries with sacs. Fourteen species of Anopheles were collected from four locations in Cambodia and 1965 specimens were dissected. Both the number and predominant species collected varied according to location and trapping method. Five species were collected in sufficient numbers to allow comparisons between locations Sac rates differed between species but not within species between locations. Anopheles minimus had a higher sac rate in weeks leading up to a full moon. The more preserved environments supported more diverse anopheline fauna than the degraded environments. Despite the fact that many of the species occurred at very low densities there was no evidence of gonotrophic dissociation in any of the species. The principal malaria vector, An. dirus, was only common in one location where it was collected in miniature light-traps. It is suggested that a nationwide survey using such traps may help in determining patterns of malaria transmission in Cambodia.
Introduction
instead of days to complete (Omer and Cloudsley-Thompson, 1970 , Lehmann et al, 2010 , Adamou et al, 2011 , Charlwood et al, 2013a . Such gonotrophic discordance was described more than fifty years ago among Anopheles maculatus, Anopheles culicifacies, Anopheles annularis and Anopheles aconitus from India and Southeast Asia (Büttiker 1958 , Rao 1947 , Roubaud 1923 ). Since they are so long lived, even low-density populations of such gonotrophically discordant mosquitoes are epidemiologically dangerous. As a result of deforestation, hot, dry environments of the sort where gonotrophically discordant mosquitoes may be found are now common for much of the year in Cambodia. Gonotrophic discordance may be one survival strategy for the local anophelines. The phenomenon has, however, not been investigated in recent years. Ovaries of mosquitoes that are collected while attempting to blood feed provide an indication of whether they are gonotrophically discordant since gonotrophically discordant females have ovarioles at an advanced stage of development, many being gravid, when they (re)feed (Omer and Cloudsley-Thompson 1970) . Examination of the females' ovaries therefore allows for the estimation of mosquito post oviposition behaviour, an assessment of survival rate and provides an indication of whether they are gonotrophically discordant.
Of the many anophelines biting humans in Cambodia, only a few are vectors of malaria and only one, Anopheles dirus, is a vector of any consequence (Durnez et al, 2013) . Differences among species in post-ovipostion behaviour may be one factor responsible for these differences. Post-oviposition behaviour has, however, not previously been studied among S.E. Asian mosquitoes and studies determining survival rates are limited (Catangui, 1971 , Zalutskaya, 1959 , quoted in Clements and Paterson 1981 . One way of determining if post-oviposition behaviour is, as suggested by Obsomer et al (2007) , environmentally determined or if it differs intrinsically between species is to examine the behaviour of the same species of mosquito sampled from a variety of locations.
We therefore examined the ovaries of anopheline mosquitoes attempting to feed on people or domestic animals from four locations in Cambodia (three of which at different times were hot and dry) to see if species showed evidence of being gonotrophically discordant if post oviposition intervals and mosquito survival rates differed among locations.
although all night collections were also performed in Pailin. Miniature Centers for Disease Control and Prevention (CDC) light-traps were run in each of the study locations inside and outside houses with both humans and domestic animals as bait. When humans were used as bait they slept under a mosquito net. MMX traps (Kline, 2006) and 'Furvela' tent-traps (Govella et al, 2009 , Charlwood et al, 2012 , 2013b were also used in the three mainland locations, but not in Kroh Salau (Khoh Khong).
Mosquito processing
Collected mosquitoes were identified morphologically using the keys of Rattanarithikul and Panthusiri (1994) and Rattanarithikul and colleagues (2010) to species or species complex. Each hour's collection was kept in individual containers and an haphazard sample of insects from the first four hours of landing collection (18:00-21:00) was dissected in eyedrops (Optrex). Females were separated into the following classes:
Nulliparous I. Ovarioles at Stage I, with tracheoles visibly coiled and the ovary small and transparent. If freshly killed they were also examined for the presence of mating plugs in the common oviduct. These mosquitoes were searching for their first blood meal when caught.
Nulliparous II: Ovarioles at Stage II, (i.e., with some yolk present in the developing follicle) the ovary transparent and clean. These mosquitoes may have been searching for their first or second blood meal when caught.
Parous with a-c sacs:
The ovariolar stalk distended, indicating that the mosquito had returned to feed shortly after oviposition. Ovaries and oviducts with colour, and tracheoles not visible. From the middle of the study period onward, sacs were further classified into 'a', 'b' or 'c' sac subclasses according to the scheme given by Wilkes and Charlwood (1979) . Parous with d sacs: The sac from the previous oviposition contracted, indicating that there had been a delay between oviposition and returning for re-feeding. Ovaries and oviducts with colour, and tracheoles not visible.
The presence of retained Stage V eggs in parous females, according to the sac stage, was also noted.
Unfortunately, the great majority of mosquitoes were dead and dry upon examination. In order to dissect dry mosquitoes, the abdomen was punctured with needles so that the saline solution entered and re-hydrated the internal organs. After being left for 10 or 15 minutes they could, with care, be dissected in the usual manner although it was not possible to determine the presence of mating plugs or spermatozoa in the spermatheca with any confidence.
Data analysis
Differences in sac rate between species within locations and between locations within species were calculated with Fisher's exact test.
With the sac rate, or the proportion of parous host searching moquitoes that laid eggs earlier that day, out of all parous host seeking mosquitoes and with the length of the gonotrophic cycle of a mosquito (from blood feeding to the start of searching for a new blood meal) and with some further assumptions, , the average length of the feeding cycle in a mosquito population can be estimated.
Assuming that all mosquitoes succeed in blood feeding when host searching (Charlwood et al., 1997) , but that some mosquitoes (A) take an extra day to rest, . where n i is the number of entities belonging to the i th type, R is the number of different types of mosquitoes collected, and N is the total number of entities in the dataset. The Shannon index provides an indication of the evenness in distribution among the species. The idea is that the more species there are, and the more equal their proportional abundances in the collection, the more difficult it is to correctly predict which species will be the next one collected. The Shannon index quantifies the uncertainty (entropy) associated with this prediction. It is most often calculated as follows:
The Shannon index therefore quantifies the uncertainty in predicting the species identity of an individual that is taken at random from the dataset. As evenness decreases (from all species being equally common to their being a single predominant species) so does the probability of being able to predict the next species collected, and hence the value of the index increases.
Ethics
The ethical committees of the National Centre of Malariology (CNM) in Phnom Penh, (Cambodia) and of the Liverpool School of Tropical Medicine (UK) approved the study. The mosquito collectors and householders were informed about the objectives, processes and procedures of the study and oral informed consent was sought from them. Collectors were recruited among the adult village population on the understanding that if they wanted to withdraw from the study they could do so at any time without prejudice.
Access to malaria diagnosis and treatment was guaranteed throughout the study.
Results
A total of 14 species of anophelines were collected from the four study locations. Anopheles minimus was the most common mosquito in Khum Anopheles dirus, previously common (CNM unpublished data), was rare or absent in the other three study locations. Although many of the anophelines identified belong to known species complexes, to date, only single members of the freshwater species complexes identified from Cambodia (An. minimus, An. maculatus An. barbirostris, An. aconitus) have been found (Sinka et al., 2011) . In all cases, these have been the 'type' species. Thus, we considered that the mosquitoes belonging to these complexes were the 'type' species indicated.
Diversity indices for the different locations and the different trapping methods are given in Table 1 For none of the species, comparisons between locations showed significant differences in sac rates. Therefore, we could not find evidence for a 'nurture' effect on the length of the oviposition cycle that might have been caused by differences in the suitability of the environment.
Sac stages for 135 mosquitoes from eleven species dissected in 2013 are shown in Table 4 . With the exception of An. jamesi and An. barbirostris (two of the species with the lowest rate of mosquitoes returning to feed with sacs) sacs were largely considered to be 'a' or 'b' (i.e. large to medium sized) indicating that the mosquitoes had returned to feed on the night following oviposition.
In the week prior to a full moon sacs rates in An. minimus from Pailin increased (indicating a shorter oviposition cycle) but moon phase did not appear to affect the duration of the cycle in An. dirus from Ou Chrar (Mondolkiri) ( Table 5) .
A small number of gravid, and therefore possibly gonotrophically discordant, insects were collected in the landing collections (Table 6) Females of the following species were collected at least once with a mating plug (Gillies, 1956) 
Discussion
In the present study, the lowest diversity in anophelines from landing collections was found in the deforested area of Pailin province and the greatest observed in the location where there was still a minimal amount of forest cover, Krorhom Krom, in Pursat. The rapid scale at which deforestation is taking place in Krorhom Krom implies that diversity is likely to decrease in the near future. Anopheles dirus was only found in the one mainland location that had some forest left in the vicinity, albeit this was being (illegally) cut down during the study. Indeed, the presence of An. dirus is an indication of a healthy forest environment. It should, however, be possible to control malaria, especially in and around houses (where during the study, malaria was being transmitted (unpublished data)) without destroying the forest. It is possible that the species collected in low numbers may be species that are not attracted to humans and so were rare in the present study.
Nevertheless, numbers collected in the MMX trap were also low. Some species, notably An. kochi, were caught in considerable numbers in light traps hung close to cows or pigs. On the other hand, the anthropophilic An.
dirus was rare in areas where it had previously been common. In particular, in earlier years, An. dirus, which had been the most common mosquito in Krorhom Krom (CNM unpublished data), was rare there during the present study, only 27 mosquitoes were caught in 2121 hours of landing collection.
Given that the environment is rapidly changing in the study locations, it is possible that we are witnessing the gradual demise of a number of species, including An. dirus, rather than rare species hanging on through a set of effective survival strategies. Sac rates were similar within species that were collected and dissected in sufficient numbers from more than one location although rates differed between species. Thus, intrinsic factors may play a more important role in determining the time at which parous mosquitoes return to feed following oviposition than extrinsic ones. Moonphase, nonetheless, appeared to affect the cycle in An. minimus. As with An. farauti from Papua New Guinea (Birley & Charlwood, 1989) , it was shorter when moonlight was present prior to, or at sunset, compared to nights when no moonlight was present at this time.
Anopheles minimus was not apparently a vector in
Moonlight did not appear to affect the duration of the cycle in the forest As far as we know, this is the first report of the presence of mating plugs in mosquitoes from S.E. Asia. The presence of a newly emerged Anopheles dirus with a mating plug at the height of the dry season in Ou Chrar (Mondolkiri) is an indication that active breeding was continuing. The species is known to withdraw into the deep forest in the dry season (Gingrich et al., 1992) and this may have been the case in Ou Chrar.
Gonotrophic discordance has recently been described, or implied, among
African malaria vectors including An. arabiensis, (Omer and CloudsleyThompson 1970) , An. gambiae (Lehmann et al, 2010 , Adamou et al, 2011 and An. funestus (Charlwood et al., 2013a) . The small number of gravid insects collected in landing or light-trap collections in the present study implies that, for even the least common species, gonotrophic discordance was not the survival strategy adopted during the long hot dry season.
Species, such as An. maculatus and An. aconitus, previously reported as becoming discordant, were not apparently more likely to be so than others.
Thus, for all locations and all species, and at all times, gonotrophic concordance appeared to be the rule. As Schapira and Boutsika (2012) point out, Southeast Asian anophelines are physiologically adapted to humid conditions, having wider spiracles than African ones. They may invest in large numbers of eggs per batch to the detriment of longevity, and thereby vectorial capacity (Schapira and Boutsika 2012) . This is likely to reduce their ability to survive in hot dry environments, typically associated with gonotrophically discordant anophelines.
In forested areas of Bangladesh, An. dirus has been considered to be an effective vector due to an 'exceptional survival' (Rosenberg and Maheswary,1982) . 
